Osteoclasts are macrophage-related bone resorbing cells of hematopoietic origin. Factors that regulate osteoclastogenesis are of great interest for investigating the pathology and treatment of bone diseases such as osteoporosis. In mammals, receptor activator of NF-B ligand (Rankl) is a regulator of osteoclast formation and activation: its misexpression causes osteoclast stimulation and osteoporotic bone loss. Here, we report an osteoporotic phenotype that is induced by overexpression of Rankl in the medaka model. We generated transgenic medaka lines that express GFP under control of the cathepsin K promoter in osteoclasts starting at 12 days post-fertilization (dpf), or Rankl together with CFP under control of a bi-directional heat-shock promoter. Using long-term confocal time-lapse imaging of double and triple transgenic larvae, we monitored in vivo formation and activation of osteoclasts, as well as their interaction with osteoblasts. Upon Rankl induction, GFP-positive osteoclasts are first observed in the intervertebral regions and then quickly migrate to the surface of mineralized neural and haemal arches, as well as to the centra of the vertebral bodies. These osteoclasts are TRAP (tartrate-resistant acid phosphatase) and cathepsin K positive, mononuclear and highly mobile with dynamically extending protrusions. They are exclusively found in tight contact with mineralized matrix. Rankl-induced osteoclast formation resulted in severe degradation of the mineralized matrix in vertebral bodies and arches. In conclusion, our in vivo imaging approach confirms a conserved role of Rankl in osteoclastogenesis in teleost fish and provides new insight into the cellular interactions during bone resorption in an animal model that is useful for genetic and chemical screening.
INTRODUCTION
Osteoporosis and related bone diseases are a major public health concern and have increasing impact on our ageing societies (Gallagher and Sai, 2010) . Present therapies aim to increase bone strength and enhance the activity of bone-forming cells (osteoblasts), e.g. through administration of intermittent doses of parathyroid hormone. Alternatively, the activity of bone-resorbing cells (osteoclasts) is also targeted by different therapeutic approaches (reviewed in Reid, 2008) . Over the past 15 years, significant progress has been made in basic bone research regarding the mechanisms that underlie bone remodelling, i.e. the constant replacement of old bone matrix by newly formed bone. Several key regulators have been described to drive differentiation of osteoblasts and osteoclasts. As part of this, a variety of animal models has been established to study bone formation and skeletal remodelling under normal and pathological conditions. However, models that allow in vivo imaging of osteoclasts in living specimens have been lacking so far.
The homeostasis of bone requires an intricate balance between osteoblasts and osteoclasts that crossregulate each other's activities. Osteoblasts control formation and activity of osteoclasts through the production of regulatory factors such as receptor activator of NF-B ligand (Rankl) and osteoprotegerin (OPG). Formation, maturation and activity of osteoclasts are stimulated by Rankl/Rank receptor interaction and are downregulated by factors such as osteoprotegerin (Caetano-Lopes et al., 2007; Gallagher and Sai, 2010; Reid, 2008) . Importantly, the concept of a 'basic multicellular unit' (BMU) responsible for bone remodelling assumes that a constantly active feedback loop between all bone cell types is required for bone homeostasis and remodelling to maintain constant turnover of bone mineralized matrix (Harada and Rodan, 2003) . According to this concept, increased bone resorption also stimulates the increase in bone formation and vice versa. Understanding the regulatory networks underlying this process is instrumental for our understanding of bone remodelling and future intervention in pathological processes (Karsenty, 2008) .
Osteoblasts are derived from mesenchymal progenitor cells that also give rise to other cell types, including chondrocytes, adipocytes and muscle cells (reviewed by Karsenty, 2008; Komori, 2008) . Osteoclasts, however, are bone-resorbing cells derived from the monocyte/macrophage lineage of hematopoietic stem cells (Harada and Rodan, 2003; Wagner and Karsenty, 2001 ). They secrete cathepsin K, tartrate-resistant acid phosphatase (TRAP) and acidify the subcellular space to degrade bone matrix proteins and dissolve bone minerals.
Mouse and chicken are classical animal models for bone research. Teleost fish, such as zebrafish (Danio rerio) and medaka (Oryzias latipes), have only recently become established for use in skeletal research, despite the possibilities of combining powerful genetics with high-resolution imaging. Like mammals, teleost fish develop bones directly from mesenchymal condensations (membranous bone formation) and on cartilage scaffolds (endochondral/perichondral bone formation) (Langille and Hall, 1988) . Recent findings indicate that the genetic networks controlling bone formation are highly conserved in all vertebrates, including teleosts (Flores et al., 2004; Inohaya et al., 2007; Nemoto et al., 2007; Renn et al., 2006; Yan et al., 2005) . Fish models were also successfully used to identify novel mechanisms controlling bone formation that were previously unknown in mammals (Hammond and Schulte-Merker, 2009; Inohaya et al., 2010; Spoorendonk et al., 2008) . At the cellular level, osteoblasts and osteoclasts of teleosts share many functional features with their counterparts in mammals (Witten and Huysseune, 2009) , thus opening the possibility of imaging the dynamic behaviour of osteoblasts and osteoclasts in the almost transparent embryos and larvae.
We have previously described a transgenic medaka line that expresses fluorescent reporters under control of the osterix promoter in early osteoblasts (Renn and Winkler, 2009 ). In the present study, we describe for the first time a triple transgenic approach that we used to study the interaction of osteoclasts and osteoblasts under normal conditions, as well as upon heat-shock-induced Rankl expression. Transgenic lines such as these allow for an in vivo approach that will provide new insights into bone diseases with a major impact on human health, such as osteoporosis.
MATERIALS AND METHODS

Identification of medaka rankl, sequence extension and subcloning
A partial nucleotide sequence encoding Rankl was identified by BLAST search in the medaka genome (Ensemble, ultracontig 247) using the predicted Rankl amino acid sequence of Tetraodon nigroviridis (CAG02628) as the query. The medaka sequence included a predicted stop codon but lacked the translation start. 5Ј-RACE PCR (Invitrogen) was performed using primers ranklGSP1 and ranklGSP2 (supplementary material Table S1 ). The full-length coding region of medaka Rankl (GenBank Accession Number JN119285) was then amplified using primers ranklUP and ranklDOWN, and subcloned into pCRII (Invitrogen) and pCS2P+ after EcoRI digestion. Alternatively spliced rankl isoforms were identified by PCR using primers R0 and R4 that flank the start and stop codons of the coding sequence and cDNA from 1-month old larvae. Three primer pairs were used to confirm alternatively spliced variants: R1 and R4 for isoform rankl1, R2 and R4 for rankl2, and R3 and R4 for rankl3 (see supplementary material Fig. S3 ). Protein alignments were carried out using ClustalW2 (EMBL-EBI) and hydrophobic regions were predicted using ProtScale with the Kyte-Doolittle method (ExPASy).
Generation of transgenic fish
A 3.18 kb upstream sequence of the cathepsin K gene (ENSORLT00000019682), including 80 nucleotides of exon 1 was amplified using the Qiagen Long Range PCR Kit with primers ctskUP and ctskDOWN, and cloned in front of membrane-bound EGFP (mEGFP) in an I-SceI meganuclease vector. Plasmid DNA (20 pg) was injected into onecell stage medaka embryos, as described previously (Rembold et al., 2006) . Injected embryos with transient mEGFP expression were raised. Three out of seven analysed fish were germline positive and all data presented below refer to heterozygous offspring of founder male 2. The construct rankl:HSE:CFP, containing a bidirectional heat-shock promoter driving simultaneous expression of rankl and CFP, was created by cloning the fulllength medaka rankl cDNA into BamHI-XhoI sites of a vector with I-SceI sites flanking a heat-shock-CFP cassette. GFP in the original plasmid (Bajoghli et al., 2004) was replaced by CFP. The construct was injected as described above. On average, 15% of injected F0 embryos showed transient mosaic CFP expression after heat shock at 1 dpf for 2 hours at 39°C. Positive embryos were raised and three out of seven analysed F0 fish were germline positive. For all experiments described below, heterozygous offspring of female founder 4 were used as they showed highest CFP levels. Heat-shock was applied at 9 dpf or at 21 and 23 dpf for 2 hours at 39°C and mineralization was analysed at 16 dpf and 31 dpf, respectively. All experiments were performed in accordance with IACUC protocols of NUS (approval numbers 020/08, 014/11).
Cryosectioning, in situ hybridization and histochemical staining
Embryos were fixed overnight in 4% PFA, rinsed with PBST and embedded in 1.5% agarose/5% sucrose. Blocks were soaked in 30% sucrose overnight at 4 o C before preparing cryosections of 20-30 m. RNA in situ hybridizations were carried out as described (Renn et al., 2006) . The full-length open reading frame of medaka cathepsin K (ESTs: AM149366, BJ714293, BJ880292) was amplified with primers ctskriboUP and ctskriboDOWN, cloned into pCRII (Invitrogen) and antisense riboprobes were prepared by XbaI digestion and Sp6 in vitro transcription. rank and col1a1 were amplified with primers listed in supplementary material Table  S1 .
Mineralized matrix in fixed embryos was visualized with Alizarin Red (Renn and Winkler, 2009 ). For live staining, larvae were incubated in 0.01% alizarin-3-methyliminodiacetic acid (Alizarin Complexone; Sigma A3882) in embryo medium at 30°C for 2 hours for hatchlings and 4 hours for 3-to 4-week-old fish. After incubation, larvae were rinsed in embryo medium 2 hours to overnight before imaging. TRAP staining for wholemount embryos and cryosections was performed using the acid phosphatase, leukocyte (TRAP) Kit (Sigma 387A) following manufacturer's recommendations. Nuclei were stained with DRAQ5 (Biostatus) diluted 1 to 250 in H 2 O and applied to cryosections of larvae for 1 hour at 37°C.
Confocal and DSLM imaging
Embryos were anaesthetized with 0.1% ethyl 3-aminobenzoate methanesulfonate (Tricaine; Sigma E10521) and embedded in 1.5% low melting agarose in a glass bottom petri dish. Confocal pictures and timelapse confocal imaging were carried out with Zeiss LSM 510 Meta and LSM 5 live microscopes using 488, 543, 633 nm laser lines for GFP, mCherry and far-red fluorophore (DRAQ5), respectively. Imaging data were processed using Imaris 7.1.1 (bitplane) and ImageJ software. For digitally scanned laser sheet microscopy (DSLM), 488nm and 561 nm lasers were used for excitation of EGFP, calcein, mCherry and Alizarin Complexone. An Olympus 4ϫ 0.16 NA excitation objective was used for creating a laser sheet and a Zeiss, 10ϫ, 0.3 NA water immersion objective for fluorescent collection at 28°C.
RESULTS
An osteoclast reporter line in medaka
We generated an osteoclast reporter line expressing membranebound EGFP (mEGFP) under control of a 3.18 kb cathepsin K (ctsk) promoter fragment (Fig. 1A) . This line shows expression comparable with the CTSK-GFP line reported recently in a study that used a slightly shorter promoter (Chatani et al., 2011) . Stable ctsk:mEGFP transgenic embryos first showed GFP expression at 5 dpf in head and tail regions (Fig. 1B-E) , which did not exhibit TRAP activities at later stages (data not shown). ctsk:mEGFP expression recapitulated most aspects of endogenous cathepsin K expression revealed by RNA in situ hybridization (Fig. 1F-K) . Notable exceptions were the heart, single neurons in the brain and the pineal gland that expressed ctsk endogenously but not in the transgenics (compare Fig. 1C,D with 1F,G) . Histological analysis revealed other domains at 5 dpf with both ctsk:mEGFP and cathepsin K expression. This included the pre-muscular head mesenchyme, which later develops into, for example, the sternohyoideus muscle, and is positioned between ctsk-negative branchial arches and superficial epidermis (Fig. 1C,D ,F,G; and data not shown), and parts of the caudal and pectoral fins (Fig. 1E,H,K) . Around hatching at 12 dpf, ctsk:mEGFP was also found in the pharyngeal teeth area where TRAP activity was evident (Fig.  1L,M) . At 3 to 4 weeks, ctsk:mEGFP was found in the vertebral column ( Fig. 2A,B) . Confocal imaging after staining with Alizarin Complexone revealed mEGFP expression around the mineralized bone matrix of neural and haemal arches, but not at the neural and haemal spines and not at the vertebral centra (Fig. 2C ,D,G).
Histochemical analysis revealed that all GFP-expressing cells in the vertebral column are TRAP positive (Fig. 2E,F ), suggesting that they are functional osteoclasts. In addition, most ctsk:mEGFP cells are tightly associated with osteoblasts (33 out of 39 osteoclasts analysed in seven embryos; supplementary material Movie 5). Presence of osteoclasts in this region is consistent with ongoing bone remodelling during reshaping of neural and haemal arches, creating space for the growing spinal cord and dorsal blood vessel, respectively (Witten et al., 2001 ). In addition, GFP expression was found at the base of the dorsal, pectoral and anal fins, and at the scales (data not shown). Identical patterns were observed in independently generated transgenic lines using the same ctsk promoter to drive expression of cytoplasmically localized mCherry (ctsk:mcherry; Fig 
Characterization of medaka rankl
The full-length open reading frame (ORF) of medaka rankl encodes a deduced protein of 261 amino acids. It contains a tumour necrosis factor (TNF) superfamily domain (amino acids 100-256) that shares 35% identity and 48% similarity with its orthologue in humans (Fig. 3A) . A PCR using primers flanking start and stop codons (supplementary material Fig. S3 ) and cDNA derived from 1-month-old wild-type fish resulted in three distinct fragments. Sequence analysis revealed three alternatively spliced isoforms of rankl cDNA (rankl1, rankl2 and rankl3) encompassing 786, 378 and 322 nucleotides, respectively. Using isoform specific primers, we confirmed that hatchlings and 1-month-old fish express all three identified rankl isoforms (supplementary material Fig. S2F ). Alignment of these isoforms is shown in supplementary material Fig. S3 . When compared with known rankl isoforms (Ikeda et al., 2001) , these sequences suggest similar splicing patterns of rankl transcripts in mouse and medaka, as depicted in Fig. 3B ,C, except that the ORFs in medaka are significantly shorter compared with mouse (261/125/59 amino acids compared with 316/287/199 amino acids). Interestingly, medaka isoforms 2 and 3, as well as mouse isoform 3 lack a predicted transmembrane domain. 
143
RESEARCH ARTICLE Medaka osteoporosis model
Generation of transgenic medaka with inducible Rankl expression
We next generated rankl:HSE:CFP transgenic medaka lines carrying a bidirectional heat-shock inducible promoter that allows simultaneous expression of Rankl and CFP after incubating embryos at 39°C for 2 hours (supplementary material Fig. S2 ). To determine the efficiency of induction, we heat-shocked rankl:HSE:CFP embryos at different stages for 2 hours at 39°C (supplementary material Fig. S2 ). After heat-shock, expression levels of rankl were analysed by RNA in situ hybridization and RT-PCR. Both CFP and rankl were found to be expressed ubiquitously at high levels in transgenic embryos at different stages (supplementary material Fig. S2 ). Ectopic rankl expression was observed at 3 and 12 dpf, 2 and 3 days after heat-shock, respectively, by in situ hybridization and semi-quantitative RT-PCR. This confirms that the used heat-shock conditions can induce ectopic rankl expression and that CFP serves as a suitable reporter co-expressed with rankl for early screening.
Formation, morphology and activities of Ranklinduced osteoclasts
We crossed rankl:HSE:CFP with ctsk:mEGFP fish to generate double transgenic lines overexpressing Rankl after heat-shock induction. ctsk:mEGFP sibling embryos served as controls. Embryos of both control and experimental groups were heatshocked at 9 dpf. As described above, ctsk:mEGFP control embryos did not show GFP expression at the vertebral centra at this stage ( Fig. 1L ; also see Fig. 6A ). By contrast, double transgenic rankl:HSE:CFP/ctsk:mEFP embryos showed the appearance of several mEGFP-positive cells in the vertebral column as described in detail below (see Fig. 6B,D) . We used confocal time lapse imaging to observe origin, division, morphology and motility of these Rankl-induced ectopic osteoclasts. Living embryos were stained with Alizarin Complexone to visualize mineralized centrum structures in vivo and time-lapse imaging was started 1 day after heat-shock induction (supplementary material Movies 1, 2). Fig.  4A -H shows representative images at selected time points over a period of 20 hours. Most notably, first mEGFP labelled osteoclasts were observed in the intervertebral regions (Fig. 4 , arrowhead in A, white arrow in E). Shortly after their appearance, these cells directly moved towards the centra and became closely associated with the mineralized matrix of vertebral bodies as well as haemal and neural arches ( Fig. 4 ; 29/29 analysed cells in four embryos; arrowheads in B-H; white and purple arrows in F-H, blue and yellow arrows in G,H). During their migration, several cells underwent cell division (Fig. 4 , arrowhead in D, white arrow in F). Upon reaching the mineralized matrix, the cells started to grow dynamic processes, which is a typical hallmark of osteoclasts in mammals (Chambers, 2010) . We also performed heat-shock at later stages, i.e. at 21 and 23 dpf, when endogenous osteoclasts are
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already present. This also resulted in a drastic increase in the number of ctsk:mcherry-expressing cells that were located not only at the inside of neural and haemal arches as in controls, but also on the outside of these skeletal elements (Fig. 4I,J) . The Rankl-induced cells showed irregular shapes and sizes ranging from 20-50 m, with or without protrusions, depending on their stage of differentiation (Fig. 5BЈ-DЈ) . At early differentiation stages, osteoclasts had an overall length of about 20-25 m with an elongated shape lacking any protrusions (Fig. 5BЈ) . One day later, these cells became flat, larger in size (40-50 m) and developed dynamically growing protrusions (Fig. 5CЈ) . On day 3, the cells continued to form new protrusions but remained flat in shape (Fig.  5DЈ) . At later stages, several osteoclasts were observed to form clusters with close contact to each other and the mineralized matrix, making it difficult to distinguish and count individual cells (Fig. 5E,F) .
A characteristic feature of mammalian osteoclasts is that they are multinucleated. By contrast, osteoclasts in advanced teleost fish such as medaka are typically mononucleated (Witten and Huysseune, 2009) . We therefore examined the number of nuclei in Ranklinduced osteoclasts using nuclear DRAQ5 staining on cryosections. This revealed that all mEGFP cells analysed contained single nuclei (Fig. 5G,H) . In addition, we found no evidence for any ruffled border, as typically seen in mammalian osteoclasts. However, several vacuoles were visible close to the surface membrane adjacent to the mineralized matrix of the neural arches (Fig. 5H) .
Life imaging of dynamic interactions between osteoblasts and Rankl-induced osteoclasts
Interactions between osteoclasts and osteoblasts occur during all phases of bone remodelling in mammals (Matsuo and Irie, 2008) . Communication between these cell types is essential for osteoclast formation and for controlled osteoblast activities. We took confocal pictures of Rankl-induced osteoclasts at 1, 2 and 3 days after their appearance in triple transgenic embryos that additionally express mCherry in osteoblasts under control of the osterix promoter (rankl:HS:CFP/ctsk:mEFP/osx:mcherry; Fig. 5A-D) . As reported earlier, osx:mcherry expressing osteoblasts are present at all haemal and neural arches of the vertebral column at 9-12 dpf ( Fig. 5A ) (Renn and Winkler, 2009 ). After heat-shock at 9 dpf, we observed that the vast majority of mEGFP-labelled osteoclasts were in close contact with mCherry expressing osteoblasts (Fig. 5A-D) . Timelapse analysis revealed that these osteoclasts are highly dynamic, extend and retract large protrusions, and migrate towards osteoblasts (supplementary material Fig. S5, Movie 3) . After Rankl-induced osteoclasts had formed in the intervertebral regions and started to express GFP, they directly approached the mineralized notochordal sheath. Once they reached this matrix, they ceased migration and quickly associated with osteoblasts to undergo further morphological differentiation. Osteoclasts that made tight contact with osteoblasts appeared immobilized, remained in the vicinity of osteoblasts but continued to dynamically extend their protrusions. After heat shock, we also observed frequent cell death both in Rankl-induced cells that failed to establish osteoblast contact and in those that were in tight connection to osteoblasts. Movies 3 and 5 (supplementary material) show the tight contact established between osteoclasts and osteoblasts.
Ectopic Rankl expression induces a severe osteoporosis-like phenotype
One to two days after heat-shock-induced Rankl expression, we observed strong mEGFP expression in the vertebral column of embryos overexpressing Rankl (Fig. 6B) . Confocal stacks of images of the mineralized vertebral column stained by Alizarin Complexone showed that ectopic ctsk:mEGFP cells were closely attached to the mineralized matrix of neural and haemal arches, and also with the centra of the vertebral bodies (Fig. 6C,D) . RNA in situ hybridization and histochemistry for osteoclast markers cathepsin K and TRAP, respectively, showed that cells expressing mEGFP were positive for both markers (Fig. 6E-H) , strongly suggesting that Rankl-induced ctsk:mEGFP cells are functional osteoclasts. This prompted us to examine bone and centra mineralization in embryos at 16 dpf, 7 days after Rankl induction. Alizarin Red staining revealed a degradation of mineralized matrix, reflecting a mild osteoporosis-like phenotype. Bone matrix degeneration was most evident in neural and haemal arches (Fig.  6I,J) . In some embryos, loss of mineralization also affected vertebral bodies (data not shown). To test whether mEGFP expression has any effect on the activity of Rankl-induced osteoclasts and hence the severity of mineralization loss, we next analysed the effect of Rankl induction on mineralization of bone and the notochordal sheath in rankl:HSE:CFP single transgenic embryos. After heat-shock at 9 dpf, mineralization was analysed at 16 dpf by Alizarin Red staining. Even though both heterozygous single rankl:HSE:CFP transgenics and rankl:HSE:CFP/ctsk:mEGFP double transgenic larvae were derived from the same rankl:HSE:CFP founder, we observed striking differences in the effects on mineralized matrix. Single transgenic rankl:HSE:CFP larvae showed a much stronger loss of mineralization than did double transgenic larvae after induction of Rankl expression. It is unclear why the severity of this osteoporosis-like phenotype varies between both fish lines, but we suspect that transgenic expression of membrane-tethered EGFP might interfere with the activity of mEGFP-labelled osteoclasts.
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In single transgenic rankl:HSE:CFP larvae, we observed a severe loss in mineralized matrix of most embryos overexpressing Rankl; however, these losses varied in extent (Fig. 7A,B) . Loss of mineralization was observed in skeletal structures of the head and the tail, and most obviously in the centra of the vertebral bodies, while interestingly mineralization in the pharyngeal teeth region was not affected. In the axial skeleton at 16 dpf, wild-type fish after heat-shock showed strong Alizarin Red staining in the vertebral bodies consisting of the mineralized centrum and the neural as well as haemal arches (Fig. 7C) . In embryos overexpressing Rankl, arches were almost completely absent and we observed severe damage in the mineralized matrix of the vertebral centra (Fig. 7D) . Moreover, we observed substantial disorganization in the notochord of Rankl-overexpressing embryos. At 11 dpf, i.e. 2 days after the heat-shock, histological analysis revealed an intact notochord with large vacuolated cells and a thin peripheral notochord epithelium (Fig. 7E) . At 12 dpf, however, we observed a pronounced increase in cells that had the appearance of notochordoblasts and occupied the central part of the notochord (Fig. 7F) . At 13 dpf, more small vacuolated cells appeared and the notochord epithelium became highly disorganized (Fig. 7G) . At 16 dpf, the centra of the vertebral bodies had almost completely lost their mineralized notochordal sheath as well as the surrounding elastin layer at the base of the arches (Fig. 7I ), whereas these structures were fully intact in control embryos after heat-shock (Fig. 7H) . Thus, although in control samples, large vacuolated notochord cells were aligned in a highly organized manner, the notochord cells in Rankloverexpressing larvae showed variable sizes and randomly organized arrangement. Most importantly, we observed the appearance of large clusters of small cells in the middle of the notochord, which are normally found exclusively at the periphery of the notochord. In addition, heat-shock at 3 wpf, when endogenous osteoclasts are already active, resulted in substantial mineralization defects (supplementary material Fig. S8 ).
DISCUSSION
In the present study, we generated stable medaka transgenic lines to visualize osteoclast activation, osteoclast-osteoblast interaction and bone resorption. We were able to dissect conserved and divergent features of osteoclastogenesis and bone resorption induced by Rankl in the teleost fish medaka. Double transgenic reporter lines expressing mEGFP under control of the cathepsin K promoter (ctsk:mEGFP) and mCherry under control of the osterix promoter allowed visualization of osteoclast and osteoblast interaction in vivo. Overexpression of Rankl in the rankl:HSE:CFP line resulted in a strong osteoporosis-like phenotype with severe
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Development 139 (1) degradation of newly mineralized matrix in the vertebral column and other bone structures. To the best of our knowledge, this is the first report on real-time non-invasive visualization of Ranklinduced osteoclasts and their interaction with osteoblasts in vivo. This model will be an attractive tool for the osteoporosis research community, e.g. for chemical and genetic screenings.
cathepsin K expression in teleost fish
Ctsk is a lysosomal cysteine protease essential for osteoclast function and activity (Saftig et al., 2000) . Both Ctsk as well TRAP are the most commonly used markers for osteoclasts in mammals and TRAP has been validated as osteoclast marker for fish in several studies (reviewed by Witten and Huysseune. 2009) . In this study, we showed that mEGFP expression under the control of a 3.18 kb ctsk regulatory region recapitulated most of the endogenous ctsk expression patterns. Interestingly, endogenous ctsk expression in heart, individual brain neurons and pineal gland was not found in the transgenics, suggesting that the used promoter lacks regulatory elements driving expression in these non-skeletal tissues. Around 5 dpf, first endogenous as well as transgenic expression was found in the mesenchyme of the head and developing fins. At this stage, bone has not yet been formed, and we think it is unlikely that these cells become osteoclasts as they are and remain TRAP negative in this region (data not shown). We speculate that these cells are involved in remodelling extracellular matrix as this mesenchyme is transformed into muscle at later stages. First ctsk:mEGFP expression in TRAP-positive cells was observed in pharyngeal replacement teeth and their supporting bones at 12 dpf, indicating that these are the first functional osteoclasts formed. It has been reported for fish and other non-mammalian vertebrates, that teeth are replaced throughout life (Van der heyden et al., 2000) . The presence of osteoclasts therefore is indicative for bone remodelling associated with tooth replacement. This is consistent with previous reports that multi-and mononucleated osteoclasts found in the pharyngeal regions are related to shedding teeth and their supporting bone (Nemoto et al., 2007; Witten, 1997) . In the vertebral column, ctsk:mEGFP and endogenous ctsk expression was first observed three to four weeks after fertilization in cells attached to the neural and haemal arches. These cells are TRAP positive, indicating that they are functional osteoclasts, which is consistent with previous histological reports on flat mononuclear TRAP-positive osteoclasts without ruffled border found along the vertebral column of zebrafish (Witten et al., 2001 ) and medaka (Nemoto et al., 2007) . Neural and haemal arches enclose the spinal cord and the dorsal aorta, respectively, and osteoclasts are required for bone remodelling in this region to provide extending space for the rapidly growing spinal cord and blood vessel. We found that the osteoclasts were motile with dynamic protrusions and arranged in clusters indicative for intense bone resorption activities (Witten, 1997) . By contrast, the centra of the teleost vertebral bodies form after mineralization of the notochordal sheath and subsequent apposition of bone matrix, without the need for bone resorption (reviewed by Witten and Huysseune, 2009 ). Therefore, no osteoclasts are present around the centra.
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Morphology of Rankl-induced osteoclasts
In contrast to the typically multinucleated mammalian osteoclasts, Rankl-induced osteoclasts in medaka were found to be mononucleated, although we do not exclude that they become multinucleated at later stages. They also did not exhibit a ruffled border but contained large vacuoles close to the membrane adjacent to the mineralized matrix. Our data on osteoclast morphology are consistent with histological data reported previously. Witten et al. (Witten et al., 2001) described mononucleated osteoclasts at the inner side of neural arches in zebrafish, and Nemoto et al. (Nemoto et al., 2007) made similar observations in medaka. Mononucleated osteoclasts were described in most teleost fish species with acellular bone such as medaka. A link between acellular bone and the predominance of mononucleated osteoclasts in contrast to cellular bone and multinucleated osteoclasts has been suggested (Witten and Huysseune, 2009 ). Multi-and mononucleated osteoclasts differ in their morphology, as well as in the mode of bone resorption. Mononucleated osteoclasts lack a ruffled border and may not exhibit resorption lacunae. They instead form cell aggregates resembling multinucleated giant cells in mammals during intense bone resorption (Witten, 1997; Witten and Huysseune, 2009) . Although osteoclasts are generally assumed to be multinucleated in mammals, cell counting revealed that 30-50% of active human osteoclasts are mononucleated (Chambers, 1985; Evans et al., 1979; Kaye, 1984) . According to Parfitt (Parfitt, 1988) multinucleated osteoclasts are responsible for fast and deep bone resorption, whereas mononucleated osteoclasts resorb smaller amounts of bone. It is, thus, interesting that overactivated osteoclasts in medaka that cause a severe osteoporotic phenotype are still mononucleated. Moving away from the paradigm that only multinucleated osteoclasts resorb bone may help to acknowledge the role of mononucleated osteoclasts in mammals and their possible involvement in bone loss.
Rankl overexpression in medaka results in an osteoporotic phenotype
After heat-shock induction, rankl:HSE:CFP transgenic larvae showed a strong osteoporosis-like phenotype at 16 dpf, 7 days after the heat-shock. Newly mineralized matrix in different skeletal structures of the embryos was damaged to different extent, most obvious in the neural and haemal arches, vertebral bodies and the mineralized notochordal sheath. Almost no matrix was left in the arches, which may reflect the fact that these are the first sites of newly formed bone in the trunk. The osteoporosis-like phenotype was caused by functional ectopic osteoclasts, as revealed in double transgenic rankl:HSE:CFP/ctsk:mEGFP larvae. This effect seemed to be dose dependent on ectopic Rankl as the severity varied in offspring from different founders, with a clear correlation to CFP expression (data not shown).
In mammals, Rankl is expressed by osteoblasts and stromal cells and is known as the major osteoclast differentiation factor (Kong et al., 1999; Lacey et al., 1998) . It promotes osteoclastogenesis and maintains bone homeostasis through binding to its receptor RANK, modulated by osteoprotegerin (OPG) (Anderson et al., 1997; Simonet et al., 1997; Yasuda et al., 1999) . The RANK receptor is expressed by osteoclast progenitors, whereas OPG acts as a decoy receptor for Rankl and thereby controls the number of osteoclasts formed.
In human and mouse, three alternatively spliced isoforms of Rankl are capable of promoting osteoclastogenesis (Ikeda et al., 2001; Suzuki et al., 2004) . Two of these isoforms are type II transmembrane glycoproteins that ensure cell-cell contact with osteoclasts and their precursors. The third isoform lacks transmembrane and intracellular domains and acts as soluble ligand (sRankl) allowing diffusion to activate target cells (Ikeda et al., 2001 ; reviewed by Wright et al., 2009 ). Mice overexpressing soluble or membrane bound forms of Rankl ubiquitously, die after E18.5 due to unknown reasons (Mizuno et al., 2002) . During embryogenesis, the bones of these mice form normally; however, they exhibit mildly reduced calcification. Mice that overexpress Rankl exclusively in the liver, however, are viable and develop severe late onset osteoporosis (Mizuno et al., 2002) .
In our transgenic approach, Rankl was overexpressed ubiquitously after heat-shock treatment on day 9. The cDNAs identified in medaka presumably give rise to one full-length
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Development 139 (1) membrane bound Rankl isoform as well as two shorter soluble variants ( Fig. 3B ; supplementary material Fig. 2F ). Other than in mammals, where the TNF domain is present in all three isoforms, only medaka isoform 1 contains a complete TNF domain, whereas isoforms 2 and 3 include only parts. It will be interesting to test whether the three medaka isoforms have similar osteoclastogenic activities and whether these differences have any evolutionary significance. Nevertheless, the strong osteoporosis-like phenotype observed in this study upon Rankl induction suggests a conserved role of Rankl for osteoclastogenesis in medaka. A significant re-organization of notochordal cells was observed in embryos overexpressing Rankl that exhibited severe degradation of the mineralized matrix in the vertebral bodies. Further work is required to determine the exact identity of these cells. We speculate, however, that this could reflect a compensatory mechanism where the notochord responds to damage of the notochordal sheath. The notochord has previously been implemented in the formation of vertebral bodies in zebrafish and Atlantic salmon (Fleming et al., 2004; Grotmol et al., 2005 ) and our osteoporotic model may help to gain insight into the role that the notochord plays in vertebral body formation.
The origin of Rankl-induced osteoclasts
Our transgenic approach allowed us to monitor the birth, migration and differentiation of Rankl-induced osteoclasts in living embryos and to study their interactions with osteoblasts. Other than in earlier studies using mouse models (Mizuno et al., 2002) , Rankl expression in our model was temporally controlled and induced at a stage when bone mineralization was well under way. In rankl:HSE:CFP/ctsk:mEGFP double transgenic embryos, ectopic osteoclasts could only be observed after 7 dpf, regardless of how early Rankl misexpression had been induced (data not shown). This suggests that before this stage any precursor cells present are not competent to respond to Rankl, possibly because Rank receptor expression has not been initiated. Interestingly, Rankl-induced ectopic osteoclasts in the vertebral bodies form long before the first endogenous osteoclasts become visible in the neural and haemal arches. The vast majority of these pioneering osteoclasts were interestingly found to originate in the intervertebral regions.
In mammals, macrophages and osteoclasts share common precursor cells of the hematopoietic/macrophage lineage in the bone marrow. The fate of either cell type is determined by local factors inhibiting differentiation of the other (Mann et al., 2010) . As teleost fish lack hematopoietic bone marrow tissue, the hematopoietic equivalent is located in the head kidney (pronephros) but the origin of osteoclasts is still unknown (Apschner et al., 2011) . The first Rankl-induced osteoclasts were observed in intervertebral regions, i.e. directly anterior to the segmental blood vessels and dorsal to the aorta. The determination of the cell lineage of Rankl-induced mononucleated osteoclasts remains unclear. However, expression of indicative markers such as TRAP and cathepsin K, as well as their activation by Rankl, makes it likely that the induced cells in medaka share the same hematopoietic origin as mammalian osteoclasts. Interestingly, there is recent evidence in mice for the presence of cycle-arrested quiescent osteoclast precursors (QOPs) that circulate in peripheral blood (Muto et al., 2011) . We found rank-expressing cells in the dorsal aorta, as well as around the notochord in Rankl-induced fish (supplementary material Fig. S4 ). Assuming that normal rank expression occurs at the same location as evidenced after heatshock treatment, it will be interesting to test whether, in teleost fish, Rankl-induced ctsk-positive osteoclasts differentiate from QOPs circulating in surrounding blood vessels, or alternatively are derived from the monocyte/macrophage lineage. The transgenic lines presented here will be valuable tools to address this important issue.
